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PHASE SHIFT MASKING FOR COMPLEX PATTERNS 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to manufacturing small dimension features of objects, such 
as integrated circuits, using photolithographic masks. More particularly, the present invention 
relates to the application of phase shift masking to complex layouts for integrated circuits and 
similar objects. 

Description of Related Art 

Phase shift masking, as described in United States Patent No. 5,858,580, has been 
applied to create small dimension features in integrated circuits. Typically the features have 
been limited to selected elements of the design, which have a small, critical dimension. 
Although manufacturing of small dimension features in integrated circuits has resulted in 
improved speed and performance, it is desirable to apply phase shift masking more extensively 
in the manufacturing of such devices. However, the extension of phase shift masking to more 
complex designs results in a large increase in the complexity of the mask layout problem. For 
example, when laying out phase shift areas on dense designs, phase conflicts will occur. One 
type of phase conflict is a location in the layout at which two phase shift regions having the 
same phase are laid out in proximity to a feature to be exposed by the masks, such as by 
overlapping of the phase shift regions intended for implementation of adjacent lines in the 
exposure pattern. If the phase shift regions have the same phase, then they do not result in the 
optical interference necessary to create the desired effect. Thus, it is necessary to prevent 
inadvertent layout of phase shift regions in phase conflict. 

Another problem with laying out complex designs which rely on small dimension 
features* arises because of isolated exposed spaces which may have narrow dimension between 
unexposed regions or lines. 

Because of these and other complexities, implementation of a phase shift masking 
technology for complex designs will require improvements in the approach to the design of 
phase shift masks, and new phase shift layout techniques. 



WO 02/03140 PCT/US00/42284 

SUMMARY OF THE INVENTION 
The present invention provides techniques for extending the use of phase shift techniques 
to implementation of masks for complex layouts in the layers of integrated circuits, beyond 
selected critical dimension features such as transistor gates to which such structures have been 

5 limited in the past. The invention provides a method that includes identifying features for which 
phase shifting can be applied, automatically mapping the phase shifting regions for 
implementation of such features, resolving phase conflicts which might occur according to a 
given design rule, and applying sub-resolution assist features within phase shift regions. The 
present invention is particularly suited to opaque field phase shift masks which are designed for 

10 use in combination with binary masks defining interconnect structures and other types of 

structures that are not defined using phase shifting, necessary for completion of the layout of the 
layer. 

Various aspects of the invention include computer implemented methods for definition 
of mask layouts for corresponding complex layouts in the layers of integrated circuits to be 
15 made using such masks, methods for manufacturing masks having such mask layouts, methods 
for manufacturing integrated circuits having improved small dimension features implemented 
using the novel masks, and improved integrated circuits having the improved small dimension 
features. 

The invention includes a method for producing photolithographic masks, and layout files 
20 for such photolithographic masks, which comprises identifying features in a pattern to be 

exposed having a dimension less than a particular feature size, and laying out phase shift regions 
using a layout rule for the identified features to produce a phase shift mask having phase shift 
areas. The particular feature size according to the invention need not be the critical dimension 
for the smallest features to be implemented. Rather, in the layout of an entire complex pattern, 
25 any feature which is suitable for implementation using phase shifting can be identified according 
to the present invention. 

In one embodiment, the process of identifying features suitable for implementation using 
phase shifting includes reading a layout file which identifies features of the complex pattern to 
be exposed. 

30 In one preferred embodiment, the phase shift mask includes an opaque field, and the 

phase shift regions include a plurality of transparent regions having a first phase within the 
opaque field, and a plurality of complementary transparent regions having a second phase 180 
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degrees out of phase with respect to the first phase, within the opaque field. The opaque field 
leaves unexposed lines formed by the phase shift regions unconnected to other structures. A 
complementary mask is laid out for use is conjunction with the opaque field phase shift mask to 
form interconnect structures in the region blocked by the opaque field, so the features formed 
5 using the phase shift mask are integrated with larger dimension features. In one embodiment, 
the complementary mask is a binary mask, without phase shifting features. 

As a result of the layout rule, regions in the phase shift mask may result in phase 
conflicts. Thus, the invention aiso includes applying an adjustment to one or more of the phase 
shift regions in the phase shift mask to correct for phase conflicts. The adjustment in one 

10 preferred embodiment comprises dividing a phase shift region having a first phase into a first 
phase shift region having the first phase in a second phase shift region having the second phase. 
An opaque feature is added to the phase shift mask between the first and second phase shift 
regions. The complementary mask includes a corresponding opaque feature preventing 
exposure of the features to be exposed using the first and second phase shift regions in the phase 

15 shift mask, and includes a cut-out over the opaque feature separating the first and second phase 
shift regions to expose any feature resulting from the phase difference between the first and . 
, second phase shift regions. In one embodiment, the unique structure which results from the 
adjustment is laid out in the first instance to prevent phase conflicts in the layout, and so may not 
be considered an "adjustment" to correct a phase conflict in the layout. 

20 For example, phase conflicts can arise in the implementation of a pattern consisting of an 

intersection of an odd number of line segments. The odd number of line segments defines a 
plurality of comers at the intersection. In this case, phase shift regions are laid out adjacent the 
line segments on either side of the comer so they have the same phase, and preferably continuing 
around the comer in all of the plurality of comers, except one. In one excepted comer, a first 

25 phase shift region having the first phase is laid out adjacent the line segment on one side of the 
comer, and a second phase shift region having the second phase is laid out adjacent the line 
segment on the other side of the corner. An opaque feature is added between the first and 
second phase shift regions in the one comer. The complementary mask includes a 
corresponding opaque feature preventing exposure of the intersecting line segments left 

30 unexposed by the phase shift mask, and includes a cut-out over the opaque feature separating the 
first and second phase shift regions to expose any feature resulting from the phase difference in 
the one excepted comer between the first and second phase shift regions. 
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The selection of the one excepted comer having the cut-out feature in the structure that 
defines the intersection of an odd number of line segments is implemented in various 
embodiments according to design rules. In one design rule, the one excepted comer is the comer 
defining the largest angle less than 1 80 degrees. In another design rule, the one excepted comer 
is the comer which is the greatest distance away from an active region on the integrated circuit. 

In one embodiment, the pattern to be implemented includes exposed regions and 
unexposed regions. Exposed regions between unexposed regions (i.e., spaces between lines or 
other structures) having less than a particular feature size are identified for assist features. The 
particular feature size used for identification of exposed regions between unexposed regions may 
or may not be the same as the feature size used for selection of unexposed regions (i.e., lines) to 
be implemented using phase shift masking. According to this aspect of the invention, the 
process includes laying out phase shift regions in the phase shift mask to assist definition of 
edges of the unexposed regions between exposed regions. 

According to another aspect of the . invention, the process includes adding sub-resolution 
assist features inside a particular phase shift region in the phase shift mask. The sub-resolution 
features comprise in various embodiments features inside and not contacting the perimeter of the 
particular phase shift region. In other embodiments, the sub-resolution features result in division 
of a phase shift region having a first phase into first and second phase shift regions having the 
same phase. An opaque feature between the first and second phase shift regions acts as a sub- 
resolution feature to improve the shape of the resulting exposed and unexposed regions. 

The sub-resolution features do not "print" in the image being exposed, but affect the 
intensity profile at the wafer level, such as by improving contrast of the image and thereby 
improving process latitude, and changing the size of the printed image caused by the phase shift 
region in which the sub-resolution feature is laid out, such as for optical proximity correction 
OPC. 

According to another aspect of the invention, the layout of phase shifting regions in an 
opaque field includes a step of simulating an intensity profile or other indication of the exposure 
pattern to be generated, and locating regions in the exposure pattern which are anomalous, such 
as by having higher intensity. Sub-resolution features are then added to the layout covering the 
anomalous regions in the exposure pattern. 
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The use of sub-resolution features within phase shift regions is applied uniquely for the 
formation of an array of closely spaced shapes, such as an array of capacitor plates used in 
dynamic random access memory designs. 

An overall process for producing a layout file, or a photolithographic mask is provided 
that includes; identifying features to be implemented using phase shifting, laying out phase 
shifting regions so as to prevent or minimize phase conflicts, applying sub-resolution assist 
features to the phase shift regions, and producing a layout file. Next, a complementary mask is 
laid out to complete definition of the exposure pattern so that features that are not implemented 
using the phase shift mask are interconnected with the features implemented by the phase shift 
mask. 

A method for producing integrated circuits having improved small dimension structures 
includes applying a photo-sensitive material to a wafer, exposing the photo-sensitive material 
using the phase shift mask implemented as described above, exposing the photo-sensitive 
material using the complementary mask implemented as described above, and developing the 
photo-sensitive material. A next process step in the method for producing integrated circuits 
involves the removal of material underlying the photo-sensitive material according to the 
resulting pattern, or addition of material over the wafer according to the pattern resulting from 
the use of the phase shift and complementary masks. The resulting integrated circuit has 
improved, and more uniform line widths, and improved and more uniform spaces between 
structures on the device. In some embodiments, the resulting integrated circuit has intersecting 
lines defined with phase shift masks. 

The invention results, therefore, in methods for producing mask layout files and 
photolithographic masks based on such layout files suitable for the implementation of complex 
designs extensively using phase shifting structures to define small dimension features. New 
manufacturing techniques and improved integrated circuits are therefore provided. 

Other aspects and advantages of the present invention can be understood with review of 
the figures, the detailed description and the claims which follow. 

BRIEF DESCRIPTION OF THE FTGIJRES 
Fig. 1 illustrates a binary mask and Fig. 2 illustrates a phase shift mask according to a 
prior art phase shift masking technique. 
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Fig. 3 is a plot of the intensity profile of an exposure made using the masks of Figs. 1 
and 2 according to the prior art. 

Fig, 4 illustrates a binary mask, and Fig. 5 illustrates a phase shift mask according to the 
present invention for implementing the same shape as implemented with Figs, 1 and 2. 
5 Fig, 6 is a plot of the intensity profile of an exposure made using the masks of Figs. 4 

and 5 according to the present invention. 

Fig. 7 is a binary mask, and Fig, 8 is a phase shift mask for implementation of a feature 
comprising three intersecting line segments according to the present invention. 

Fig, 9 is a plot of the intensity profile of an exposure made using the masks of Figs. 7 

10 and 8. 

Fig. 10 is a binary mask, and Fig, 1 1 is a phase shift mask for implementation of a 
feature comprising five intersecting line segments according to the present invention. 

Fig 12 illustrates a phase shift mask for implementation of a double "T" structure. 

Fig. 13 illustrates an alternative phase shift mask for implementation of a double ,f T ,f 
1 5 structure according to the present invention. 

Fig. 14 illustrates one example of the layout of a phase shift mask according to the 
present invention for a complex pattern. 

Figs. 1 5 A and 1 SB illustrate the layout, a simulation, and contour plots of a prior art 
phase shift mask for implementation of a dense array of capacitor plates on integrated circuit 
20 Figs. 16A and 16B illustrate the layout, a simulation, and contour plots of the phase shift 

mask for implementation of a dense array of capacitor plates on an integrated circuit according 
to the present invention. 

Fig. 17A illustrates a phase shift mask having sub-resolution assist features, for 
implementation of a exposure pattern as shown in Fig. 17B. 
25 Fig. 17B shows an exposure pattern which results from the phase shift mask of Fig. 1 7A, 

and an exposure pattern which would result from the phase shift mask of Fig. 17A without the 
assist features. 

Fig. 18 is a flow chart of a process for producing layout files, and phase shift mask and 
manufacturing integrated circuits according to the present invention. 
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DETAILED DESCRIPTION 
A detailed description of the present invention is provided with respect Figs. 1-19. Figs. 
1-3 illustrate problems associated with the layout and manufacturing of small dimension features 
according to the prior art. Figs. 4-6 illustrate an approach to improving the layout and 
5 manufacturing of the small dimension features shown in Figs. 1-3 according to the present 
invention. Figs. 7-19 illustrate additional features and techniques. 

Fig. 1 shows a binary mask for use in combination with an opaque field phase shift mask 
as shown in Fig. 2. The binary mask of Fig. 1 includes an opaque feature within a clear field 10. 
The opaque feature includes a blocking region 1 1 which corresponds to the features, i.e. 
10 transistor gates in an active region of a device, formed using the phase shift structures of Fig. 2. 
Narrow lines. 12, 13 and 14 extend from the blocking region 1 1 to respective flag shaped 
elements 15, 16, 17. The narrow lines 12, 13, 14 in this example each extend through the 
blocking region 11, resulting in respective extension portions 18, 19, 20. The phase shift mask 
of Fig. 2 is formed within an opaque field 25, inside which zero degree phase shift regions 26, 
15 27 and 180 degree phase shift regions 28, 29 are formed. The phase shift regions result in the 

printing of fine lines on the transitions between zero degree region 26 and 180 degree region 28, 
between 180 degree region 28 and zero degree region 27, and between zero degree region 27 and 
180 degree region 29. These fine lines are coupled with the lines 12, 13, 14 in the binary mask 
; of Fig. 1 for interconnection, while the blocking region 1 1 prevents exposure of the fine lines 
20 during the exposure using the binary mask. 

Fig. 3 shows the resulting fine lines 30, 31, 32 in the active region of the layout. The 
long narrow lines 12, 13, 14 interconnect the fine lines 30, 3 1, 32 with the flag shaped features 
15, 16, 17. In the Fig., the regions 35 and 36 do not print, but are higher intensity regions which 
show dark as artifacts of black and white printing of the color image generated using a 
25 simulation program. 

Issues associated with this technique include the poor quality of the image of isolated 
lines, such as long line 12, and of the narrow spaces, such as between the flag shaped features 16 
and 17. Classical optical proximity correction techniques can be applied to improve 
dimensional control of these images, however such processes according to the prior art do not 
30 improve process latitude, making the structures difficult to manufacture. 

Figs. 4 and 5 show the binary mask and phase shift mask implemented according to the 
present invention, extending phase shifting techniques to the more complex circuit pattern 
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beyond the transistor gates in the active region. The binary mask of Fig. 4 is formed in-a clear 
field 40. It includes blocking features 41 and 42. The pattern elements which are common with 
Fig. 1 have like numbers, so the extensions 1 8, 1 9, 20 and the flag shaped features 15,16, 17 
have the same reference numbers. A corresponding phase shift mask shown in Fig. 5 includes 

5 an opaque field 50. The phase shifting regions have been extended along the entire lengths of 
the lines excluding the extensions 18, 19, 20 in this example. In addition, phase shifting in the 
region 49 is used to assist the definition of the edges of the flag shaped regions 16 and 17 in the 
narrow space between them. Thus, zero degree phase shift regions 45 and 47 are formed, and 
180 degree phase shift regions 46 and 48 are formed. The phase shift regions 45, 46 and 47 

10 extend to the lower edges 51, 52 of the flag shaped regions 16, 17. 

A simulation of image resulting from application of the masks of Figs. 4 and 5, is shown 
in Fig. 6, in which the regions 54, 55, 56 and 57 are nonprinting artifacts as mentioned above of 
the black and white printing of the color simulation image. The long lines corresponding to the 
lines 12, 13, 14 of Fig. 1 are printed entirely using phase shifting, so that quality, narrow 

15 dimension features 51,52 and 53 result. The phase shifting assist feature between and on the 
edges of the flag shaped patterns 16, 17 results in better definition of the edges 58, 59 between 
the regions 16, 17. Thus, Figs. 4-6 illustrate the application of phase shifting techniques to 
complex circuit pattern beyond the active regions of the device- 
Figs. 7, 8 and 9 illustrate a technique used for layout of complex structures comprising 

20 an odd number of intersecting line segments using phase shift masking. Fig. 7 shows a binary 
mask in a clear field 60 comprising an opaque feature 61 corresponding to a first of intersecting 
line segments, an opaque feature 62 corresponding to a second of the intersecting line segments, 
and an opaque feature 63 corresponding to a third of the intersecting line segments. A corner 
cut-out region 64 is formed according to present technique is described further below. Fig. 8 

25 shows a phase shift mask in an opaque field 70 for formation of the intersecting line segments, 
and for use in combination with the complementary mask of Fig. 7. The phase shift mask 
includes 1 80 degree phase shift region 71 , 180 degree phase shift region 72, zero degree phase 
shift region 73, and zero degree phase shift region 74. As can be seen, the 180 degree phase 
shift region 71 extends adjacent the line segments corresponding to the regions 61 and 62 and 

30 around the comer between regions 61 and 62. Also, the zero degree phase shift region 74 

extends adjacent to line segments and 62 and 63 and through the "comer" formed by the 1 80 
degree angle in the intersection two line segments. The phase shift regions 72 and 73 extend 
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along the line segment 63 adjacent one side of the comer and along the other side 61 of the 
corner, respectively and have opposite phases. An opaque feature is laid out in the corner 
between the two phase shift regions 72 and 73. The cut-out feature 64 in the binary mask of Fig. 
7 tends to expose the artifact which would be created by the phase transition in the corner 

5 between phase shift regions 72 and 73. 

Fig. 9 shows the simulation of the image printed using the phase shift mask of Fig. 8, 
, with a binary mask of Fig. 7. The features 81, 82, 83 and 84 are nonprinting artifacts of the 
simulation program. The "T" shaped feature 85 results from the phase shift masking technique 
with comer cutting. As can be seen, the narrow lines are formed with relatively uniform 

10 thickness and straight sides. In the comer 86 which corresponds to the cut-out feature 64 of Fig. 
7, the feature 85 is slightly less sharp than in the other comers. The shape of the printed comer 
could be improved by applying some correction to the cut-out 64 and the shifters 72 and 73. 

Figs. 10 and 1 1 illustrates the "comer cutting" technique as applied to a structure 
comprising five intersecting line segments. Thus, Fig. 10 shows a binary mask 100 including an 

15 opaque feature having blocking structure 101 corresponding to a first line segment, blocking, 

structure 102 corresponding to a second line segment, blocking structure 103 corresponding to a 
third line segment, blocking structure 104 corresponding to the fourth line segment, and 
blocking structure 105 corresponding to the fifth line segment. A comer cut-out feature 106 is 
formed between the line segments 101 and 105. 

20 Fig. 1 1 shows the phase shift mask for use in combination with the binary mask of Fig. 

10. The phase shift mask of Fig. 1 1 is formed in an opaque field 110. 180 degree phase shift 
regions 111,112 and 1 1 3 are laid out in an alternating fashion as shown Fig. 1 1 . Zero degree 
phase shift regions 114, 115 and 1 1 6 are laid out in a. complementary fashion to define the five 
intersecting line segments. An opaque feature is formed between the phase shift regions 114 and 

25 113. The artifact which would be created by the phase transition between the phase shift 

regions 113 and 1 14 is exposed by the cut-out 106 in the binary mask of Fig. 10. In addition, the 
shape of the opaque feature in the phase shift mask between the phase shift regions 113 the 
shape of the art-out 106 can also be optimized and 114 can be modified using optical proximity 
.. correction techniques to improve that resulting image. The shape of the cut-out 106 can also be 

30 optimized. 

A structure and a process for controlling phase mismatches on inside corners of complex 
structures is provided. Inside corner cut-outs are formed on the binary masks to block artifacts 
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of phase transition in the corner, and phase shift regions are adjusted by dividing them into first 
and second phase shift regions of opposite phase, and reshaping them on inside comers to 
accommodate and optimize the effects of the inside corner extensions. The comers at which the 
extensions are applied can be simply decided by applying them to all inside comers, when 
shapes of the comers are not critical. Alternatively, the comer extensions can be applied only in 
one comer of a structure having an odd number of intersecting segments. The comer is picked, 
for example, by selecting an inside comer having the greatest distance from an active area on the 
device, or an inside comer having a largest angle less than 180 degrees. 

The selection of comers for the phase mismatch extensions may affect the assignment of 
zero and 1 80 degree phase shift regions. Thus it may be desirable to select the comers for inside 
comer extensions prior to "coloring" the layout with phase assignments. A first approach to 
avoiding the comer conflicts is simply to select the phase shift areas in a manner that does not 
cause a conflict. Of course this is not always possible. Next, the conflicts can be left in regions 
on the chip where the design rules will tolerate the artifacts caused by the phase mismatch. In 
one example process, the comer extensions are applied on all inside comers, then the layout is 
colored to assigned phases, and then comers are rebuilt with optimized shapes. Alternatively, 
simplified phase assignment can be utilized when all comers are provided with phase mismatch 
extensions. 

Figs. 12 and 13 illustrate problems encountered in the layout of a so-called double "T" 
structure. In Fig. 12, a phase shift mask in an opaque field 120 is shown for forming a double 
"T" structure having vertical line segments 121 and 122 intersecting with horizontal line 
segment 123. Vertical line segments 121 and 122 are close together, so a single phase shift 
region 123 is formed between them. In this case, phase shift region 123 is a zero degree phase 
shift region. Phase shift region 124 beneath the line segment 123 is also a zero degrees phase 
shift region creating a phase conflict in the region 129 between the vertical line segments 121 
and 122. 180 degree phase shift regions 125, 126, 127 and 128 are formed along the line 
segments in the comers as shown. The shapes of regions 125, 126, 127, 128 have not been 
optimized in the comer in this example. The phase shift regions do not extend to all the way to 
the intersection of the line segments in this example. The phase mismatch in the region 129 can 
result in an aberration image such that the quality of the line segments in that region is reduced. 
The assumption is that the distance between 121 and 122 is small enough that the printing of the 
region 129 will not be critical. 
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« Fig. 13 illustrates a double "T" structure with vertical line segments 131 and 132 formed 
in an opaque field 130. In this case, separate phase shift regions 133 and 134 are formed 
between the vertical line segments 121 and 122. A 180 degree phase shift region 135 is formed 
between them along the horizontal line segment 136. This resolves the phase mismatch which 
would have occurred with the zero degrees a shift region 137 according to the structure of Fig. 
12, and allows for higher quality printing of the images. In this case, the corner cutting 
technique utilizes simple square shape opaque features in the corners, rather than the diagonal 
shape shown in Figs. 8 and 1 1 . The square shape of Figs. 12 and 13 may be simpler to 
implement using a layout program in a processor with more limited power. 

Fig. 14 provides a close-up of a portion of the layout of a phase shift mask in an opaque 
field for a layer of an integrated circuit structure. As can be seen, a comb shaped structure 141 is 
formed with zero degree phase shift regions (hatched, e.g. region 142) generally on the upper 
and left and 180 degree regions (clear, e.g. region 143) generally on the lower and right AH 
inside corners are blocked with square opaque features (e.g. feature 144) in this example to 
minimize phase conflicts. 

The generation of phase shift masks for a complex structure is a nontrivial processing 
problem. Automatic assignment of phase shift regions, and addition of optical proximity 
correction features and corner features for preventing phase shift mismatches as described above 
are provided in this example to facilitate processing. Three stages in the generation of phase 
shift mask layouts according to the process which is implemented using a design rule checking 
programming language (e.g. Vampire (TM) Design Rule Checker provided by Cadence Design 
Systems, Inc.) as follows: 

Definition of the input layers: 

L13=layer(13type(0)) 

LI 3 is the original poly layer 

L12=layer(ll type(0)) 

LI 2 is the original poly layer shifted in the x and y direction by 0.02 micron 
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Generation of the output layers: 

L2 = geomSize(L13 -0.01 edges) 

size L13 by -0.01 only edges (inner corners are not moved) 
5 L2_l = geomAndNot(L 1 3 L2) 

L2_2 = geomSize(L2_l 0.01) 
L3 = geomAndNot(L2J2 L13) 

marker: 0.01 by 0.01 square in inner corners of LI 3 

10 L4 = geomSize(L13 0.01) 

L5 = geomSize(L13 0.0 Ledges) 

size LI 3 by 0.01 only edges (outer corners are not moved) 

L5_l = geomAndNot(L4 L5) 

L6 = geomAndNot(L5_l LI 3) 
15 marker: 0.01 by 0.01 square at the tips of outer corners 

L6_l = geomSize(L6 0. 1 4) 

L6_2 = geomSize(Ll 3 0. 1 5 edges) 

L6_3 = geomAndNot(L6_l L6_2) 
20 L6_4 = geomSize(L6_3 0.14) 

L6_5 = geomSize(L6_4 -0.14) 

merges any 0.28 and below gaps 

L6__6 = geomSize(L6_5 -0.02) 

L6__7 = geomSize(L6_6 0.02) 
25 removes any 0.04 and below geometries 

L7 = geomAndNot(L6_7 LI 3) 

L7 = layer to be removed from phase layer to cut the outer comers 

L3_l = geomSize(L3 0.15) 
30 L8 = geomAndNot(L3_l LI 3) 

L8 = layer to be removed from phase layer to cut the inner corners 
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" L 8 - 1 = geomOr(L7 L8) 

add together the layers to be removed from the phase layer 
L8_2 = geomSize(Ll 3-0.1) 
L8J3 = geomSize(L8_2 0.1) 

removes any 0.2 micron and below geometries 
L8_4 = geomAndN6t(Ll 3 L8_3) 

LI 3 without geometries larger than 0.2 micron 
L9 = geomSize(L8_4 0. 1 5) 
L9_l = geomAndNot(L9 L8_l) 
L9_2 = geomAndNot(L9J LI 3) 
L9_3 = geomSize(L9_2 -0.03) 
L10 = geomSize(L9_3 0.03) 

-0.03 / 0.03 to remove any geometry below 0.06 micron 

L10 = phase shifter layer (no coloring performed) 

LI 1 = geomOverlap(L10 LI 2) 

0 degree phase-shift layer 

L14 = geomAndNot(L10 LI 1) 

1 80 degree phase-shift layer 

A design rule checker can be utilized to identify all exposed features (i.e. lines) and 
unexposed features (i.e. spaces between lines) of an input layout that have a size less than a 
minimum feature dimension. Features subject of the minimum feature dimension may constitute 
structures or spaces between structures. Different minimum feature dimensions are applied to 
lines and to spaces in one embodiment. Thus, minimum feature structures can be identified by 
subtracting slightly more than Vi of a minimum feature dimension for lines from the original size 
of an input structure. This results in eliminating all structures which have a dimension less than 
the minimum dimension. The remaining structures can then be reconstituted by adding slightly 
more than Vi of the minimum dimension back. Minimum dimension structures can then be 
identified by taking the original input structure and subtracting all structures which result from 
the reconstitution step. This process can be characterized as performing a size down operation to 
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eliminate small dimension features followed by a size up operation on remaining edges to 
produce a calculated layout. The small dimension features are then identified performing an 
" AND NOT" operation between the original layout AND NOT and the calculated layout. 

Narrow spaces can be identified by an opposite process. In particular, slightly more than 
5 Vi of the minimum feature dimension for spaces is added to the original size of the structure. 

This added length or width causes structures that are close together to overlap and merge. Next, 
the remaining structures are reconstituted by subtracting slightly more than ft of the minimum 
feature dimension from the sides of structures remaining. Narrow regions are identified by 
taking the reconstituted remaining structures and subtracting all original structures. Thus, a 
10 process can be characterized as performing a size up operation to eliminate small dimension 
spaces, followed by a size down operation on the remaining edges to produce a calculated 
layout. The small dimension spaces are then identified by performing an "AND NOT" 
operation between the calculated layout and the original layout. 

The next step in the procedure for automatic generation of phase shift mask layouts 
15 involves identifying all comers in the structure. Inside comers and outside comers are 

identified. Outside comers are blocked to define ends of phase shift regions. Inside comers may 
result in a phase mismatches discussed above. Inside comers are blocked and thus provided 
with an extension of the opaque region, such as a square extension, and a shortening of the phase 
shift regions so that they do not extend all the way to the inside comer. This square extension is 
20 applied in all inside comers, whether a phase mismatch is found or not. Alternatively, the 
extension is applied only where phase mismatches occur. 

Phase shift regions are formed in a simple case, by copying the input structures in the 
minimum dimension features, and shifting up and to the left for 180 degree (or zero degree) 
shifters, and down and to the right for zero degree (or 1 80 degree) shifters. The blocking regions 
25 formed for the outside comers cut the shifted regions at the ends of the input structures, and the 
blocking structures formed on the inside comers cut the shifted regions at the inside comers of 
the structure to provide weU formed phase shift mask definitions. The phase "coloring" can be 
applied to the resulting phase shift regions in other ways, including manually, so that the zero 
and 180 degree regions are properly laid out. 
30 The limitation of this simple technique is that the shifts in the X and Y directions need to 

be carefully chosen if there is any polygon at an angle different from 0 to 90°. 
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% All inside comers are blocked in the example shown in Fig. 14. However, in a preferred 
system, inside comers for which no phase conflict is encountered would be filled with a phase 
shift region. 

In another embodiment, the inside comer extensions which block phase mismatches, are 
not applied on inside comers adjacent active regions of devices that are near the comers, if a 
choice is possible. For structures having an odd number of segments intersecting, the location of 
the phase mismatch, and application of the comer extension, can be chosen at the angle farthest 
from the active regions in the device, or at the largest angle. 

Once the inside comer extensions are identified, the extensions can be optimally shaped 
to improve the resulting exposure pattern, such as by changing the squares to diagonally shaped 
regions shown in Figs. 8 and 1 1 . Other principles of optical proximity correction can be applied 
to enhance the shapes of the inside comer extensions. Likewise, the phase shift regions can be 
shaped adjacent the inside comers to enhance performance. In one example system transitions 
may be enhanced between the phase shift regions by placing a 90 degree phase shift region 
between conflicting zero and 180 degree phase shift regions. 

Figs. 15 A and 15B illustrate a prior art technique for laying out an array of dense shapes, 
such as a capacitor plate array in the layout of a dynamic random access memory device. A 
phase shift mask as shown in Fig. 15A is used to form the array. The phase shift mask includes 
a column 200 of alternating phase transparent areas within an opaque field 201 . Likewise 
adjacent columns alternate in phase in a complementary manner as.shown.. This results in the 
printing of lines on transitions between the alternating phase shift areas and exposing regions 
inside the phase shift regions. Fig. 15B illustrates the simulation of the exposure pattern. As 
can be seen, a dense array of oval patterns is caused by the layout of Fig, 15 A. For a denser 
array, it is desirable to make the exposed patterns more rectangular in shape. . 

Fig, 16A illustrates an adjustment to the phase shift layout according to the present 
invention to make the exposed patterns more rectangular. According to this technique, the phase 
shift regions have been adjusted so that they consist of a first phase shift area 215 and a second 
phase shift area 216 having the same phase with an opaque sub-resolution feature 21 7 in 
between. Likewise, all of the phase shift regions have been split into two phase shift regions as 
shown with sub-resolution features in between. Note that the assist feature which divides the 
phase shift region is not necessarily smaller than the phase shift region. Lines are printed at the 
phase transitions, and the sub-resolution features between the like-phase regions do not print. 
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The resulting pattern is shown in Fig. 16B, where the exposure shows features having muchi 
straighter sides and covering much greater area than those of Fig. 15B. In the simulation plot of 
Fig. 16B, the dark outlines, such as line 211, illustrate the final contour of the exposed region. 
Thus, a technique for improving the images which result from use of phase shift areas involves 
5 adjusting a phase shift area having a particular phase into a first phase shift area and a second 
phase shift area having the same particular phase and adding a sub-resolution feature in between. 

Figs. 17A and 17B illustrate the use of sub-resolution features within the phase shift 
regions according to another technique of the present invention. In Fig. 17A, an opaque field 
250 is shown with a first phase shift region 251 and a second phase shift region 252 having an 

10 opposite phase. Sub-resolution assist features 253 and 254 are formed within the phase shift 

region 25 1 . Sub-resolution assist features 255 and 256 are formed within the phase shift region 
252. As can be seen, the phase shift regions 251 and 252 have respective perimeters. The sub- 
resolution features 253, 254, 255, 256 are inside of the phase shift regions and do not contact the 
perimeters in this example. 

15 Fig. 17B shows simulation of the exposure patterns resulting from the phase shift mask 

of Fig. 17A. In the top, images 260 and 261 are shown which correspond to the use of the phase 
shift mask of Fig. 17A. Images 262 and 263 correspond to the use of the phase shift mask of 
Fig. 17A without the sub-resolution assist features 253-256. As can be seen, with the sub- 
resolution assist features 253-256, the lines are much straighter and the exposure patterns are 

20 much more uniform. According to one technique, the sub-resolution features are placed witijin 
the phase shift regions by first simulating the exposure patterns without the sub-resolution assist 
features. Hot spots, such as hot spot 264 in the simulation image 263 or other anornolies, are 
identified. Sub-resolution features are then placed over the anomolies. Thus, sub-resolution 
feature 255 corresponds to the hot spot 264. 

25 The techniques for improving phase shift masking for complex layouts outlined above 

are combined into a process for producing phase shift layout data and manufacturing phase shift 
masks for complex layouts, as shown in Fig. 1 8* The process is also extended to the 
manufacturing of integrated circuits with improved structures. Thus, according to the present 
invention, the manufacturing process involves reading a layout file which defines a complex 

30 layer of an integrated circuit (step 300). For example, in one embodiment the layer comprises 
polysilicon or another conductive material used as transition gates and interconnect structures. 
Next, features to be left unexposed by the mask are identified which have a dimension less than 
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a furet particular value (step 301), Then, features to be exposed and having a dimension less the 
second particular value are identified (step 302). The first and second particular values may be 
the same value or different, as suits the particular implementation. 

Next, the process involves laying out phase shift regions for the identified features 
according to a design rule (step 303). One example design rule involves laying out phase shift 
regions having a zero degree phase (or 1 80 degree phase) to the upper left, and a phase shift 
regions having the opposite phase, such as 180 degree phase (or zero degree phase) to lower 
right This simple phase shift layout rule results in phase conflicts, where adjacent phase shift 
regions have the same phase so phase transitions do not occur. Any other phase assignment 
technique can be used. The phase conflicts are identified in a next step (step 304). Adjustments 
are applied to the phase shift regions based on identified phase conflicts (step 305). For 
example, the comer cutting technique described with respect to Figs. 7-1 1 is applied. In a next 
step, the exposure pattern is simulated and assist features are added to the phase shift regions 
based on the simulation (step 306). ' Rather than using simulation for placement of sub- 
resolution assist features, the locations of the subresolution features can be determined based on 
design rules. For example, one design rule is to place place a 0.1 ptm square assist feature, 0.2 
pm away from the edge of the phase shift region. Thus, phase shift regions may be adjusted 
using sub-resolution assist features within the perimeter of the phase shift region, or by dividing 
the phase shift region as described with reference to Figs. 16A and 17 A. 

In a next step, other optical proximity correction techniques are applied and the phase 
shift mask layout is completed (step 307)* A complementary mask is then laid out, including the 
comer cut-outs as necessary for intersecting line segments and the like (step 308). 

With the completed phase shift and complementary mask layouts, the masks are printed 
using techniques known in the art (step 309). See, United States Patent Nos. 6,096,458; 
6,057,063; 5,246,800; 5,472,814; and 5,702,847, which provide background material for phase 
shift mask manufacturing. Finally, integrated circuits are manufactured using the resulting 
phase shift masks (step 310). 

Overall, the embodiments described provide a solution for applying phase shift masks 
extensively in integrated circuit layouts. This provides for shrinking entire layouts or significant 
portions of layouts. The process involves first identifying features using a computer program to 
define any features that have a dimension which is smaller than a specified minimum dimension. 
Also, the process is applied to identify spaces between features which are smaller than a 
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minimum dimension. The minimum dimension for spacing may be different than the fninimum 
dimension for structures. After detection of features smaller than a minimum dimension, phase 
shift regions are assigned. Non-printing phase shift regions can be used for providing greater 
contrast in narrow isolated spaces. Inside comer extensions to block phase conflicts are added 
where necessary. Complementary trim masks are generated using established techniques. 
Finally, optical proximity correction modeling is used to optimize the shapes being 
implemented. 

Embodiments of the invention also provides techniques for applying phase shifting to 
specific shapes, such as "T " shapes, "Y" shapes, "U" shapes and "double T" shapes. 

Optical proximity correction can be applied to the resulting phase shifted layouts. Serifs 
can be added to comers, line sizes can be adjusted, hammer heads can be added, phase shift 
areas can be sized, and assist opaque bars may be added to phase shift areas, using optical 
proximity correction modeling techniques. 

The foregoing description of various embodiments of the invention have been presented 
for purposes of illustration and description. The description is not intended to. limit the 
invention to the precise forms disclosed. Many modifications and equivalent arrangements will 
be apparent to people skilled in the art. 
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CLAIMS 



What is claimed is: 

1 1. A method, comprising: 

2 laying out phase shift regions to produce a phase shift mask having phase shift areas to 

3 define features having a dimension less than a particular feature size; and 

4 applying an adjustment to one or more of the phase shift regions in the phase shift mask 

5 to correct for the phase conflicts due to proximity of phase shift regions having the same phase. 

1 2, The method of claim 1, including identifying the features in a pattern having a 

2 dimension less than a particular feature size. 

1 3. The method of claim 2, including identifying features includes reading a layout 

2 file which identifies features of the pattern, and processing the layout file. 

1 4. The method of claim 1, wherein said adjustment to the shape comprises dividing 

2 a phase shift region having a first phase into a first phase shift region having the first phase and a 

3 second phase shift region having a second phase, and adding an opaque feature to the phase shift 

4 mask separating the first and second phase shift regions; and including 

5 laying out a complementary mask including an opaque feature preventing exposure of 

6 the features to be exposed using the first and second phase shift regions in the phase shift mask, 

7 the opaque feature including a cut-out over the opaque feature separating the first and second 

8 phase shift regions to expose any feature resulting from the phase transition between the first 

9 and second phase shift regions. 

1 5. The method of claim 1, wherein the pattern includes one or more features having 

2 a feature size equal to a critical dimension, and wherein said critical dimension is smaller than 

3 said particular feature size. 

1 6. The method of claim 1, wherein said phase shift mask includes an opaque field, 

2 and said phase shift regions include a plurality of transparent regions having a first phase within 
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3 said opaque field, and a plurality of complementary transparent regions having a second phase 

4 approximately 180 degrees out of phase with respect to the first phase, within said opaque field. 

1 7. The method of claim 1, including adding sub-resolution features inside one or 

2 more phase shift regions in the phase shift mask. 

1 8. The method of claim 1, including dividing a phase shift region having a first 

2 phase into first and second phase shift regions having the first phase and adding a sub-resolution 

3 feature between the first and second phase shift regions. 

1 9. The method of claim 1, including adding sub-resolution features inside a 

2 particular phase shift region in the phase shift mask, where the particular phase shift region has a 

3 perimeter and the sub-resolution feature is inside and does not contact said perimeter. 

1 10. The method of claim 1, including adding sub-resolution features to the phase shift 

2 mask. 

1 11 . The method of claim 1, wherein said pattern includes exposed regions and 

2 unexposed regions, and wherein said features having less than the particular feature size include 

3 unexposed regions between exposed regions, and including laying out phase shift regions in the 

4 phase shift mask to assist definition of edges of said unexposed regions between exposed 

5 regions. 

1 12. The method of claim 1, including laying out a complementary mask comprising 

2 opaque regions and transparent regions defining features having dimensions greater than the 

3 particular feature size. 

1 13. The method of claim 11, wherein said complementary mask comprises a binary 

2 mask. 

1 14. The method of claim 11, including producing a machine readable layout file 

2 defining the layout of the phase shift mask and of the complementary mask. 
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1 15. The method of claim 1 1 , including producing the phase shift mask and the 

2 complementary mask. 

1 1 6. The method of claim 14, including producing an integrated circuit using the 

2 phase shift mask and the complementary mask. 

1 17. A method, comprising: 

2 processing a pattern for a photolithographic mask that defines a layer, wherein said 

3 pattern defines exposed regions and unexposed regions in the layer, 

4 identifying exposed regions in the pattern having a dimension less than a first feature 

5 size; 

6 identifying unexposed regions in the pattern having a dimension less than a second 

7 feature size; 

8 laying out phase shift regions in an opaque field using a layout rule for the identified 

9 exposed regions to produce a phase shift mask having phase shift areas with respective shapes, 

10 including regions in the phase shift mask which result in phase conflicts using the layout rule; 

1 1 . applying an adjustment to the shape of one or more of the phase shift regions in the 

12 phase shift mask to correct for the phase conflicts; and 

13 laying out phase shift regions in the phase shift mask for the identified unexposed 

14 regions to assist definition of edges of said unexposed regions between exposed regions. 

1 1 8. The method of claim 17, said identifying exposed regions includes reading a 

2 layout file which identifies dimensions of the exposed regions in the pattern, and processing the 

3 layout file, 

1 19. The method of claim 17, wherein said adjustment to the shape comprises dividing 

2 a phase shift region having a first phase into a first phase shift region having the first phase and a 

3 second phase shift region having a second phase, and adding an.opaque feature to the mask 

4 separating the first and second phase shift regions; and including 

5 laying out a complementary mask including an opaque feature preventing exposure of 

6 the features to be exposed using the first and second phase shift regions in the phase shift mask, 
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7 the opaque feature including a cut-out over the opaque feature separating the first and second 

8 phase shift regions to expose any feature resulting from the phase difference in the one excepted 

9 corner between the first and second phase shift regions. 

1 20. The method of claim 1 7, wherein the pattern includes one or more exposed 

2 regions having a feature size equal to a critical dimension, and wherein said critical dimension is 

3 smaller than said first feature size. 

1 21. The method of claim 1 7, wherein said phase shift mask includes an opaque field, 

2 a plurality of transparent regions having a first phase within said opaque field, and a plurality of 

3 complementary transparent regions having a second phase approximately 180 degrees out of 

4 phase with respect to the first phase, within said opaque field. 

1 22. The method of claim 17, including adding sub-resolution features inside one or 

2 more phase shift regions in the phase shift mask. 

1 23 . The method of claim 1 7, including dividing a phase shift region having a first 

2 phase into first and second phase shift regions having the first phase and adding a sub-resolution 

3 feature between the first and second phase shift regions. 

1 24. The method of claim 17, including adding sub-resolution features inside a 

2 particular phase shift region in the phase shift mask, where the particular phase shift region has a 

3 perimeter and the sub-resolution feature is inside and does not contact said perimeter. 

1 25. The method of claim 17, including adding sub-resolution features to the phase 

2 shift mask. 

1 26. The method of claim 17, including laying out a complementary mask comprising 

2 opaque regions and transparent regions defining features having dimensions greater than the 

3 particular feature size. 
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1 '27. The method of claim 26, wherein said complementary mask comprises a binary 

2 mask. 

1 28. The method of claim 17, wherein the first and second feature sizes are equal, 

l 29. The method of claim 17, wherein the first and second feature sizes are not equal. 

1 30. The method of claim 26, including producing a machine readable layout file 

2 defining the layout of the phase shift mask and of the complementary mask. 

1 31. The method of claim 26, including producing the phase shift mask and the 

2 complementary mask. 

1 32. The method of claim 31, including producing an integrated circuit using the 

2 phase shift mask and the complementary mask. 

1 33. A method, comprising: 

2 identifying features of a pattern for a layer to be formed using a photolithographic mask, 

3 the pattern consisting of an intersection of an odd number of line segments, the intersection 

4 defining a plurality of comers; and 

5 laying out phase shift regions for the identified features to produce a phase shift mask, 

6 the phase shift mask having phase shift regions extending adjacent to the line segments and 

7 around the comers in all of the plurality of comers except one, and in the one comer including a 

8 first phase shift region having the first phase extending adjacent the line segment on one side of 

9 said one comer, a second phase shift region having a second phase extending adjacent the line 

10 segment on the other side of said one comer; and 

1 1 laying out a complementary mask including an opaque feature preventing exposure of 

12 the intersecting line segments to be exposed using the phase shift mask, the opaque feature 

13 including a cut-out in the one excepted comer to expose any feature resulting from the phase 

14 difference in the one excepted comer between the first phase shift region and the second phase 

15 shift region. 
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1 34. The method of claim 33, including an opaque feature in the one corner between 

2 the first and second phase shift regions. 

1 35. The method of claim 33, said step of identifying features includes reading a 

2 layout file which identifies features of the pattern, and processing the layout file. 

1 36. The method of claim 33, wherein said phase shift mask includes an opaque field, 

2 and said phase shift regions include a plurality of transparent regions having said first phase 

3 within said opaque field, and a plurality of complementary transparent regions having said 

4 second phase within said opaque field. 

1 37. The method of claim 33, wherein said first phase is 1 80 degrees out of phase with 

2 respect to said second phase. 

1 38. The method of claim 33, including laying out a complementary mask comprising 

2 opaque regions and transparent regions defining features having dimensions greater than the 

3 particular feature size. 

1 39. The method of claim 33, including adding sub-resolution features inside one or 

2 more phase shift regions in the phase shift. 

1 40. The method of claim 33, including dividing a phase shift region having a first 

2 phase into first and second phase shift regions having the first phase and adding a sub-resolution 

3 feature between the first and second phase shift regions. 

1 41. The method of claim 33, including adding sub-resolution features inside a 

2 particular phase shift region in the phase shift mask, where the particular phase shift region has a 

3 perimeter and the sub-resolution feature is inside and does not contact said perimeter. 

1 42. The method of claim 33, including adding sub-resolution features to the phase 

2 shift mask. 
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1 .43. The method of claim 33, including identifying the one excepted corner according 

2 to a design rule. 

1 44. The method of claim 43, wherein the intersection is near an active region on the 

2 integrated circuit, and one excepted comer is selected so that it is farther from the active region 

3 than the other comers in the plurality of comers, 

1 45. The method of claim 33, wherein the plurality of comers define respective angles 

2 of less than 180 degrees, and the one excepted comer defines the largest angle of the respective 

3 angles. 

1 46. The method of claim 33, wherein said complementary mask comprises a binary 

2 mask. 

1 47. . The method of claim 33, including producing a machine readable layout file 

2 defining the layout of the phase shift mask and of the complementary mask. 

1 48. The method of claim 33, including producing the phase shift mask and the 

2 complementary mask. 

1 49. The method of claim 48, including producing an integrated circuit using the 

2 phase shift mask and the complementary mask. 

1 50. A method, comprising: 

2 identifying features having a dimension less than a particular feature size in a pattern for 

3 a layer to be formed using a photolithographic mask; 

4 laying out phase shift regions to produce a phase shift mask having phase shift regions 

5 for use in defining the features; 

6 simulating exposure characteristics of the phase shift mask to identify locations of 

7 anomalous exposure features in the phase shift regions; and 

8 adding sub-resolution features within one or more of the phase shift regions in the phase 

9 shift mask in the locations of the anomalous exposure features. 
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5 1 . The method of claim 50, said step of identifying features includes reading a 
layout file which identifies features of the pattern, and processing the layout file. 

52. The method of claim 50, wherein said phase shift mask includes an opaque field, 
and said phase shift regions include a plurality of transparent regions having said first phase 
within said opaque field, and a plurality of complementary transparent regions having said 
second phase within said opaque field. 

53. The method of claim 50, wherein the pattern includes one or more exposed 
regions having a feature size equal to a critical dimension, and wherein said critical dimension is 
smaller than said particular feature size. 

54. The method of claim 50, wherein adding sub-resolution features within one or 
more of the phase shift regions includes dividing a phase shift region having a first phase into 
first and second phase shift regions having the first phase and adding a sub-resolution feature 
between the first and second phase shift regions. 

55. The method of claim 50, wherein adding sub-resolution features within one or 
more of the phase shift regions includes adding sub-resolution features inside a particular phase . 
shift region in the phase shift mask, where the particular phase shift region has a perimeter and 
the sub-resolution feature is inside and does not contact said perimeter. 

56. The method of claim 50, including laying out a complementary mask comprising 
opaque regions and transparent regions defining features having dimensions greater than the 
particular feature size. 

57. The method of claim 56, wherein said complementary mask comprises a binary 

mask. 

58. The method of claim 56, including producing a machine readable layout file 
defining the layout of the phase shift mask and of the complementary mask. 
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1 59. The method of claim 56, including producing the phase shift mask and the 

2 complementary mask. 

1 60. The method of claim 59, including producing an integrated circuit using the 

2 phase shift mask and the complementary mask. 

1 61 . A method, comprising: 

2 identifying features in a pattern for a layer to be formed using a photolithographic mask, 

3 the pattern having a dimension less than a particular feature size; and 

4 laying out phase shift regions to produce a phase shift mask having phase shift regions; 

5 and 

6 adding sub-resolution features within one or more of the phase shift regions in the phase 

7 shift mask in locations determined according to a design rule, 

1 62. The method of claim 61, said step of identifying features includes reading a 

2 layout file which identifies features of the pattern, and processing the layout file. 

1 63. The method of claim 61 , wherein said phase shift mask includes an opaque field, 

2 and said phase shift regions include a plurality of transparent regions having said first phase 

3 within said opaque field, and a plurality of complementary transparent regions having said 

4 second phase within said opaque field. 

1 64. The method of claim 61 , wherein the pattern includes one or more exposed 

2 regions having a feature size equal to a critical dimension, and wherein said critical dimension is 

3 smaller than said particular feature size. 

1 65. The method of claim 61 , wherein adding sub-resolution features within one or 

2 more of the phase shift regions includes dividing a phase shift region having a first phase into 

3 first and second phase shift regions having the first phase and adding a sub-resolution feature 

4 between the first and second phase shift regions. 



-27- 



WO 02/03140 PCT/US00/42284 



1 66. The method of claim 61, wherein adding sub-resolution features within one or 

2 more of the phase shift regions includes adding sub-resolution features inside a particular phase 

3 shift region in the phase shift mask, where the particular phase shift region has a perimeter and 

4 the sub-resolution feature is inside and does not contact said perimeter. 

1 67. The method of claim 61, including laying out a complementary mask comprising 

2 opaque regions and transparent regions defining features having dimensions greater than the 

3 particular feature size. 

1 68. The method of claim 67, wherein said complementary mask comprises a binary 

2 mask. 

1 69. The method of claim 67, including producing a machine readable layout file 

2 defining the layout of the phase shift mask and of the complementary mask. 

1 70. The method of claim 67, including producing the phase shift mask and the 

2 complementary mask. 

1 71. The method of claim 69, including producing an integrated circuit using the 

2 phase shift mask and the complementary mask. 
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